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I. THE O R I G I N  OF OPTICAL SOLAR FLARES 

Theories concerning f la res  have been guided by two  major considera- 

t ions .  

8 supply of magnetic energy. 

magnetic f i e lds  are created, how they are stored i n  the chromospnere, 

and how the magnetic energy may sudden&- be released a t  the time of 8 

f l a r e .  

energy exceeds some c r i t i c a l  value. Bl%ernatively, it follows the 

F i r s t ,  the e n e r a  radiated. by a large f l a r e  has l e d  t o  postulating 

One mus-l; then e q l a i n  how the required 

This release might be i n  the form of a breakdown when the stored 

creation of a q n e t i c a l l y  neutral  point o r  surface, where the f i e l d  

strength vanishes. The cause of a flare is  then assigned essent ia l ly  

t o  a pinch ef fec t .  

consideration has been -the rapidity Hit2 which the magnetic energy is 

converted t o  radiation. 

But even given an unstable s i tuat ion,  a second major 

So fa r ,  no theory naturally explains the 

duration of the f l a r e  and much less  the sha?e of the l i gh t  curve. 

~~~ ~ _ _  

* 
Alfred P. Sloan Research Fellow 



a) Storage of bhgnetic Fields, Formation of Neutral Points 

Most theories have been concerned with the very large f l a r e s  and 

have, therefore, been based on estimates of the emitted opt ical  energ7 

f o r  such flares. Both Parker (1957a) and Ellison (1963) 
u/hwacl f e r  

-white l igh t  and have estimated the t o t a l  opt ical  emission 

of very large flares t o  be lo3* ergs. This value exceeds by a t  least 

t w o  orders of magnitude the thermal energy stored i n  the flare region 

and is, i n  fact ,  of the order of magnitude of the t o t a l  heat content 

of the chromosphere and corona. 

4 

Conceivably, the energy may arrive 

i n  the form of hj-&magnetic waves or fast par t ic les  from the photosgnere, 

as has been suggested bjr Piddington (1958) and Warwick (1962), respec- 

t ively.  But aside from some problems i n  details, it seems d i f f i cu l t  t o  

understand the lack of changes i n  the photosphere due t o  such a sudden 

uFward surge of so much energy. Therefore, the more common belief i s  

that magnetic energy m u s t  have been stored i n  and near the flare. The 

required field strengths depend on the asswned volume of storage and the 

degree t o  which the f i e lds  are dissipated. De Jager (1963) emphasizes 

. 

n 
-i 

the observation by Suemoto, Hiei, and Hirayama (1962) tha t  an Ha f l a r e  

must consist of a great many small threads with a t o t a l  volume of onkj 

1Ol8 cm3, and ld2 ergs of magnetic energy cannot be stored i n  t h i s  

small volume. As an q p o s i t e  extreme, suppose that the dissipated f ie lds  - stored i n  a volume of area lo2' m and depth 10 cm. 2 9 32 aye  
Then 10 

ergs can be obtained bjr a complete dissipation of 150 gauss or, more 

l ikely,  by the reduction of stronger fields, such as from 500 t o  475 

gauss. Similar estimates have been mace by Parker (1957a), Gold and 

Hoyle (1960) , and Ellison (1963) . 
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Few estimates have been made for smaller flares. Because of t h e i r  

smaller volumes, the required f ie lds  are not reduced by more than an 

order of magnitude. However, it i s  possible that the required energy 

can be supplied, instead, by influx e i ther  from above or below the 

f l a r e .  

The storage of the magnetic f ie lds  i n  the chromosphere presumabl;; 

requires times of the order of days. 

exerted on the chromospheric gas must be very nearly i n  equilibriuu. 

This can occur only i f  the magnetic f i e l d s  a re  nearly force-free, t ha t  

is ,  i f  the fields H and the i r  associate6 currents J = cur l  H/4n are 

nearly pa ra l l e l  t o  each other. 

During t h i s  time, the forces 

- - 
But force-free f i e l d s  can never e x i s t  

i n  isolation. The chromosDheric f ie lds  must have their roots i n  the 

photosphere or  below, where the magnetic forces can be fu l ly  exerted 

and where there is a l so  Tlenty of energy available t o  actually generack 

the whole magnetic configuration. 

flare f i e lds  have been suggested. 

Two processes for  generating the 

1. Sunspots. Since f la res  occur near sunspots, t he i r  fields  ma;^ 
,ha-. I 

_ -  - -- -- 

be extensions of the strong sunspot fields. 

rence of flares favors com-plex spot g r o u p  because t h i s  complexity leads 

On t h i s  view, the occur- 
I-, -.  . ”  ‘ .  . . ”, 

very naturally t o  the formation of magnetical& neutral  noints. F igwe 1 

shows a very simple s i tuat ion i n  which the opposing fields between two 

aligned sDot pa i r s  form one neutral ?oint (Sweet 1958a) Sweet (195%) 

has shown t h a t  a more general arrangement of two spot >ai rs  involves 

two neutral  points which l i e  on the sme l i ne  of force. 

arrangements have been considered by Severnyi (1958a). 

Some other 
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The infl Lence of external fields i n  causing a flare near a neutral  

surface has been investigated by Severnyi (1961, 1962a, 1962b). 

shows that even a relat ively slow variation of sunspot fields can lead 

t o  a rapid and considerable compression of the plasma near a neutral  

surface, i n  a time which i s  comparable with the t i m e  of formation of 

flares. In  t h i s  model, the energy which is dissipated i n  the flare is 

replaced at  the expense of the magnetic energy of the sunspot configura- 

t ion.  

required magnitude are i n  accord wlth observations. An alternative 

cause of flares through external influence, suggested by Shabanskii 

(1961), &IW&S& sudden changes i n  photos-oheric magnetic fieldsAmy be 

propagated in to  the chromosphere and there i n i t i a t e  a f l a r e  at  a neutral 

point. 

He 

Gopasyuk (1961, 1962) has estimated that f i e l d  changes of the 

are which 

Severnyi (1958a, l958b, 1962b) has also investigated the breakdown 

of an initial equilibrium i f  the magnetic f ie ld  strength increases u n t i l  

thermal pressure gradients can no longer balance the magnetic forces. 

The boundary conditions which should be applied t o  this s t ab i l i t y  problem 

have been the subject of some argment between Syrovatskii (1962) and 

Severnyi (1962a). 

2. Filaments. Gold and Hoyle (1960) have emphasized the close 

re la t ion  between flares and chromospheric filamentary structures. 

suggest that filaments are magnetic tubes of force which are anchored 

i n  the photosphere. It seems possible that such a tube is  twisted by 

photospheric convection ce l l s  and that the twist, applied a t  the feet 

of a tube, i s  dis t r ibuted evenly alorg the whole tube. 

They 

The fields 
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within the tube axe thereby strengthened and xust  be force-free, aside 

c 
U 

frm the small twisting forces. 

they may occasionally meet each other. 

come in to  contact, they will form a neutral  point (Fig. 2). 

If such twisted f lux tubes can migrate, 

If oppositely directed fields 

Moreover, 

the motion of the tubes presses the fields tawasd the neutral  point, 

so that an i n s t ab i l i t y  and a f l a re  develop rapidly. 

the force-free f ield presented by Gold and H o y l e  is  a very special  

The solution of 

solution, but the physical picture of a chance meeting of oppos i teu  

directed fields seems very plausible, i n  view of the many types of 

chromospheric motions which have been observed. In f a c t ,  I think it 

must occur very frequently if  one wants t o  explain i n  this manner the 

high frequency of small flares. 
- ~~ - - -- - -.-.-__ -- 

b)  Diss~ipation Hechanisms 

L e t  me denote the scale of the flare by L and the scale of the 

magnetic f ie ld  by I. The field scale i s  the smaller of the distances 

over which either the strength or  the direct ion of the f i e l d  change 

appreciably. 

a magnitude H/4x[. 

scalar and is  evaluated f o r  an ionized gas a t  an electron temperature 

of the order of T = lo4 OK, 4na = 2 x 10-7 sec cm (emu). This value 

may be lowered by axibipolar diffusion, tiit is, by dissipation through 

f r i c t i o n  between the ionized and neutral cmponents of the gas. From 

the s t ruc ture  of the hydromagnetic diI"ferentia1 equations one deduces 

t h a t  a time 

The current density J = c u r l  H)n w i l l  be assumed t o  have 

The e l e c t r i c a l  conductivity u i s  assumed t o  be 

-2 
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is  needed t o  diss ipate  a magnetic f ie ld .  

of the gas and t'ne magnetic l ines  of force dzift ing re la t ive  t o  each 

other a t  the rate 

With some care one may speak 

The dissipation t ime has frequent& been ident i f ied with the r i s e -  
_ -  

think this is 
- - -----I-L-__ 

e c t  since it assumes that a l l  the magnetic energy has been _- - - 
dissipated in to  heat 6 

radiation i s  a t  the expense of thermal energy. 

would be exceedingly hot at times near f l a r e  maximum. 

ly a f t e r  f l a r e  maximum and that a l l  s 
- 

If this were true,  f l a r e s  

On the contrary, 

electron temperatures are observed t o  be surprisingly constant. A more 

appropriate decw t i m e  may, therefore, be the t o t a l  f l a r e  duration, of 

the order of an hour. O n e  may t h e n  supFose that the heat generated by 

diss ipat ion i s  radiated by the dense gas i n  the f l a r e  as quickly,as it 

-A,.. 

. . "  _ _  " _ _  .-- ~ 

I -*  
1_- 

_ _ _  ~ 

is  produced. 

t o  the rate of magnetic dissipation. If we now bl i the ly  s e t  1 = L = 
ya#he*. +horn O H C  LOHV. 4 h 3 10 km, we obtain tdis - 6 x 10 years,bFlares occurring a t  magnetically 

neut ra l  points offer the possibi l i ty  of greatly reducing the scale of 

This point of view makes the l ight curve proportional 

the f i e l d s  which a re  t o  be dissipated. Theories on the motions which 

may occur at neutral  points have been r e s t r i c t ed  t o  two types. Tne 

first is concerned with a two-dimensional flow which is  assumed t o  be 

stationary,  the second t rea t6  the development with time of a one- 

dimensional collapse t m d  a neutral surface. 
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1. Sweet’s Ilechanism. Mathematically, the most relevant type 

of neutral  point i s  what has been called x-type, as shown i n  Figure 

3.  Suppose that such a neutral  point has somehow been formed. The 

s ingular i ty  of the kinked l ines  of force a t  the neutral  point is 

quickly removed by O ~ C  dissipation, and the acting magnetic forces 

cause the gas and the embedded l ines  of force t o  move i n  a manner 

such that the l ines  of force become more pa ra l l e l  t o  each other. 

For this reason, the physical condition which has been assumed-in many 

papers is  a region i n  which two anti-parallel magnetic f i e l d s  meet 

i n  a neutral  surface, as shown i n  Figure 4. The magnetic pressure 

gradients cause the gas t o  approach the neutral  surface u n t i l  the 

scale  of the fields a t  t h i s  surface is so small that dissipation may 

not be neglected. 

which gas and embedded magnetic f i e l d  flow toward the neutral  surface 

a t  such a r a t e  that it is possible both t o  dissipate the f ield and 

a lso  t o  squeeze the gas out of the ends of the configuration. The 

region where the fields are  being dissipated I shall c a l l  the gap. 

Sweet f i r s t  discussed the s t a t i o w f  state i n  1956, using the analog 

of hydrody-namical flow between two r i g i d  pa ra l l e l  p la tes  which approach 

each other (Sweet 1958a). 

semi-quantitative ‘hpiiromagnetic solutions. 

A stationary s ta te   ma^ then be established i n  

Subsequent*, Parker (1957a) obtained some 
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A detai led investigation for  coqressible  flow has been presented 

by Parker very recently (1963a). One can obtain rough estimates 01 

the rate of colla?se toward the gap from a few physical principles. 

For a coqress ib le  f luid,  the assumption of a stationary state is 

permitted on$,- i f  the thermal pressure of the compressed gas i n  t'ne 

gap can balance the external magnetic pressure. Unless the temperature 

varies excessiveQ-, Vie density i n  the gap, ng, must great ly  exceed 

the external density, no. 

causes the gas t o  flow out of the ends of t he  gap. 

place a t  approxbmtely the speed of sound, vs, and i s  essent ia l ly  

pa ra l l e l  t o  the l ines  of force. The equations for  the rate of 

dissipation, for momentum balance, and fo r  the conservation of 

- *' 

In  turn, the high pressure i n  the gaD 

This flow takes 

mass and of energy suffice t o  derive the r a t e  of flow toward the 

gap, v , and the t o t a l  dissipation time, T, d 

c 
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4 4 If we now subst i tute  L = 10 lm, n = 10l1 ~ r n ' ~ ,  T = 10 

external magnetic pressure corresponding t o  H = 150 gauss, we obtain 

n = 7 x lox4 cmm3 and T = 40 hours. Parker 's  analysis, therefore, 

leads t o  two main conclusions. F i r s t ,  it is  d i f f i c u l t  t o  obtain a suf- 

f i c i en t ly  short  t o t a l  dissipation time for  t h i s  model of a stationary 

flow (even i f  Parker's more Tavorable values are used). 

the gap the required high gas p-essures imply densit ies of the order of 

1015 atoms ~ r n ' ~ .  This i s  rather larger than indicated by observations. 

O K ,  and an 
0 

!3 

Second, i n  

Within the framework of t h e  assumed stationary s t a t e  there are  

several  poss ib i l i t i e s  for  reducing the dissipation t h e .  F i r s t ,  perhaps 

solutions ex i s t  i n  which the gas y e s s u r e  i s  less m o r t a n t .  The f i e l d s  

could then ayproach each other more closely and they woul6 be dissipated 

more rapidly. 

polar diffusion. 

between ionized and neutral gases requires tha t  the pressure of the 

neutral  gas balances the external nagnetic pressure. 

shows tha t  the needed high density of neutral  gas i n  the gap causersuch a 

large f r i c t i o n  that l i t t l e  d i f fe ren t ia l  motion occurs and, therefore, t ha t  

the conductivity is  not significantly reduced. 

creased. 

Second, the effective value of CJ might be 3edUCedby anbi- 

However, i n  a stationary s t a t e  the invoked f r i c t i o n  

Parker (1963a) 

Third, n /n might be de- 

Here no is determined by the location of the flare and may well 
o e ;  

be lower than 10l1 i f  the f la re  occurs very near the corona, but not 

so  near that the temperature and 0 are s ignif icant ly  increased. 

increase i n  n *lies a greater external magnetic pressure. Certainly 

An 

65 
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fields are available t o  provide larger pressures, but such pressures 

a l so  imply a noticeable reaction force somewhere i n  the v ic in i ty  of the 

flare. Perhaps the solar wind and/or tine r i s ing  cloud of plasma wL,ch 

p r o d u c e t y p e  IV radio bursts should be considered as evidence fo r  such 

a reaction force. 

flare in to  smaller regions, the f l o w  out of the ends of the gaps i s  soon 

inhibited and the coqutat ions fail.  

investigated the effect  of a corrugation i n  the neutral  surface. 

amplitude of such a corrugation i s  suff ic ient ly  large,  it effect ively 

reduces tize f ie ld  scale ,( i n  the  ga?. 

f 
es 

Fourth, L might be reduced. But i f  we subdivide Kie 

Instead, Parker (1963a) has 

If t i e  

Before turning t o  other theories, I want t o  mention two observations 

which particular& concern the two-dinensional aspects of f l a r e  theory. 

F i r s t ,  El l ison (1963) and others have eqhas ized  the existence of flares 

which repeat themselves after a tine in te rva l  of the order of one day. 

This seems t o  i m p l y  l i t t l e  change in the topology of the f i e l d  from one 

flare t o  the next. 

force are reconnected across the neutral surface (Fig. k ) ,  so tha t  the 

I'ield topology does change appreciably. 

has reported that the shape of spectral l i nes  emitted by a laboratory 

plasma j e t  de?en& on the direction of view. 

the gap i n  a flare i s  analogous, perha2s the uncertainties i n  the assign- 

ment of e i ther  Dcp le r  or Stark broadening t o  the emission l ines  nay be 

resolved by taking in to  account the direction of view of the j e t .  

But i n  the two-dimensional f l o w  pat tern the lines of 

Second, Severnyi (1961, 1961b) 

If the j e t  flowing out of 

2. One-Dimensional Time-Dependent Nodels Both Dungey (1938) and 

Severnyi (1958a,b) have contended that t'ne collapse toward a neutral  

surface does not necessarily lead to  pressure equilibrium and a s t a t i o n q  
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s ta te .  

between the magnetic and the thermal forces t o  build cp f a s t e s t ,  and it 

A s  the density increases d u r i x  a collapse, there resu l t s  a race 

is  not obvious which force wins. Le t  ne summaize some of the theoret ical  

aspects of a non-stationary one-dimensional collapse toward a neutral  

surface. The i n i t i a l  mgnet ic  f i e l d  may be given by H = Ho h(x/L) 2, 
Bo = constant, and the simplest choice of the function h is  h = x/L 

f o r  small x. 

- 

( i )  The rise-time of a f l a r e  i s  coqmable  t o  the time needed by 
-XI...--- L_.* -. f h e  re&or-e, _ _  --- 

a h;l..dromagnetic wave t o  traverse the f1are.A Severnyi has ident i f ied 

the rise-time of the f l a r e  with the t ine needed f o r  the collapse t o  the 
-I Y*  

neutral  surface, since th i s  collapse is  l ike ly  t o  proceed at  roughly the 

hydromagnetic velocity. 

(1961) have investigated three stages of a collapse toward a neutral  

surface. 

Some special  solutions have been derived by Severnyi (1962b). 

shock forms on each side of the neutral surface. 

Severnyi (lg$h,b) and Severlryi and Shabanskii 

F i r s t  occurs an adiabatic contraction of the whole region. FOY JJavc 
1 

Wter a 

Finally,  the reverse 

pressure gradients behind the shocks cause the surrounding plasma t o  

eqand,  while the shocl:s themselves collide. I n  t h i s  model, the w n e t i c  

energy i s  first converted t o  kinetic energy of motion toward the neutral  

swface,  and then Yne resul t ing shocks convert the kinet ic  energy in to  

heat and radiation. Temperatures i n  excess of 10 

layer which is  of the order of 10 km Vaick. 

6 0  K aze produced i n  a 

Perhaps such conditions are  

a g l i c a b l e  t o  the moustaches which a r e  t'ne subject of some of these 

investigations,  but it seems d i f f i cu l t  t o  account for  normal flares on 

t h i s  basis. 
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( i i )  Gold an& Hoyle (1960) explain the short  rise-time of the 

f l a r e  on the basis of anbipolar diffusion. 

filaments first meet, the gas densities m e  low and ambipolar diffusion 

may indeed by important. 

the time scale of dissiFation are proportional t o  H‘2. 

time a t  first is long since the fields on the outside of the filaments 

are weak. 

together by the motion of the filaments, these dissipate more rapidly, 

and thus a vicious c i r c l e  ensues. 

diss ipat ion causes a very sudden brightening of the flare. 

depends on a continued low degree of ionization, since otherwise ambipolar 

diffusion ceases t o  be dominant. 

When two twisted magnetic 

In  th i s  case, the effect ive conductivity and 

The dissipation 

33ut when these are dissipated, stronger f i e l d s  are pushed 

The rayid increase i n  the rate of 

Th i s  process 

I n  the same paper Gold and Hoyle a l so  suggest that the two touching 

filaments 

so that the l i nes  of force can quickly unravel. 

magnetic energy availa’ole fo r  dissipation. 

be magnetically connected t o  each other during the flare, 

This would make more 

( i i i )  I have recently looked into some of the ef fec ts  of invoking 

turbulence i n  a flare (Wentzel 1963b) 

adequate rate of dissipation for  plausible s izes  of the turbulent eddies. 

Differing magnetic fields must f requentu  meet a t  eddy boundaries. 

the eddies have a scale D and typical veloci t ies  vt, then the boundaries 

axe i n  contact only for a t i m e  D/v%. 

depth, l ,  given by D/vt = tdis = k ~ a 1 ~ .  A local,  but high, rate of dis- 

sipat ion is  thereby assured. 

p l i e d  by the number of boundmy skin mers that f i t  i n to  811 eddy, 

Perhay most important is  an 

If 

This  limits dissipation t o  a skin 

The total dissipation tlme is  tdis multi- 
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All the f ie ld  can be dissipated i n  about one hour i f  the eddies have 

scales D = 100 kn and turbulent speeds vt = 200 km/sec, which seems 

plausible. 

D. 'With these values the width of the current systems is about = 17 

There is, however, no theoretical  reason for  choosing such a 

meters. If these eddy boundaries are surYiciently dense that they can 

hmediately radiate away the heat, then the flare emission should come 

from roughly low4 of the t o t a l  f l a r e  volume. 

observationally by Hirapma (1961) and Suenoto -- e t  al. (1962) is only 

of the order of 

gene r~ fed 

COY r e ~ r  orrclr'ng 
A 

The fract ion deduced /1 

W b u l e n t  dissipation and flaring cannot occur u n t i l  k inet ic  energy 

i s  available t o  twist  the magnetic fields, tha t  is, u n t i l  the velocity 

of collapse has reached some appreciable f ract ion of the hydramagnetic 

velocity. The rise-time of the f l a r e  then be ident i f ied with the 

t i m e  in te rva l  needed t o  start turbulence i n  most of the collapsing gas. 

The collapse and the increase i n  densibj-begin some time before Yney 
W U S  t 

become vis ible .  I n  t h i s  turbulence m o d e l ,  the magnetic energy of 

i n i t i a l l y  large-scale fields i s  rapidly "Uansfomed in to  magnetic and 

k ine t ic  turbulent energy during the collapse, and is  then stored i n  this 

form for  gradual dissipation throughout the flare d u v n t r ' o n .  1/ 
( iv)  The magnetic f i e l d s  need not be e x a c t b  ant i -paral le l .  Parker 

b (lB7, 1963a) has considered configurations such as shown i n  Figure 5. 

The f i e l d  direction changes gradually across a surface where the q n e t i c  
A 

pressure a t ta ins  a f i n i t e  minirmun. A simple representation of a similar 

f ie ld  is  - H = Ho h(x/L) 2 + constant x ?. If a collapse occurs with such 
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a configuration, new magnetic pressure gradients are s e t  up new x = 0 

which counteract and stop the collapse. The violence attained during the 

collapse deFends on the value of the i n i t i a l  pressure minimum. I hape 

to reTort on my computations concerning such a collapse later i n  this 

session. 

Until  now I have emphasized problems related t o  the energy suppl;r l-. - 1- ~~ .- . - __ ~~ -- 
and t o  the rate of dissipation. 

features of f la res  vhich should be eqlstinable within the framework of 

hydromagnetics. F i r s t ,  the relative frequency of flares of different 

Let me brief ly  mention a f e w  other - _  

importance should follow from theory. 

thousands of smal l  flares? 

IWt happens i n  the case of the 
$e c o Md , 

Wny does the density i n  a flare exceed that 

i n  the surrounding chromosphere? De Jager (1963) considers the suddenly 

acquired density as the essent ia l  feature of a flare.  

can we derive from f la res  which occur i n  the form of two para l le l  fila- 

ments and from others which start in  many points and then coalesce? 

Third, w h a t  clues 

Fourth, we have not exhausted the Dossible magnetic geometries that can 

lead t o  ins tab i l i t i es .  U l t h a t e l y  the magnetic configurations should, 

of course, correspond t o  the maps of  the observed magnetic fields and 

of their changes during a f la re .  
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11. A C C E W I O N  OF CHARGED PARTICLES 

The observed Thenomena which are associated with opt ica l  flares 

force us t o  ask the question: 

and must we search for  Vne cause of shocks and f a s t  charged par t ic les  

i n  the opt ical  flare? 

together evidence of a much more extensive event than the opt ica l  flare 

indicates? A l l  the theories t h a t  I have t reated so f a r  have been 

r e s t r i c t ed  t o  explaining j u s t  the optical  f l a r e .  

many phenomena have been observed which a re  very d i f f i c u l t  t o  reconcile 

with the duminance of the opt ical  event. 

ments rest on energy considerations, which have been reviewed by 

Warwick (1962), De J Q e r  (1963), and Parker (1963a) . 
t ha t  the flare-associated phenomena, such as the enhanced solar trind, 

involve more e n e r a  than the optical  emission. 

which de-emphasizes tine opt ical  f l a r e  *has been presented by Wild (1362). 

He  considers a neutral  goint between two sgot pa i r s  as the source of a l l  

the phenomena. 

This i s  followed by shock waves, which accelerate other par t ic les ,  ami by 

the generation of the opt ical  f l a r e  i n  a lower and denser region. 

My own impression i s  that the collapse toward a neutral  surface between 

spot ?airs may involve regions of greatb- differing heights and densit ies.  

Where the collapse increases t h e  dens1’q above some c r i t i c a l  value, 

radiat ive losses cool t‘ne gas and an o7:ical f l a r e  arises; where t h i s  

c r i t i c a l  densPty i s  not reached, the collapse causes strong heating, 

p a r t i c l e  acceleration, and radio events. 

Is the opt ica l  flare the major phenomenon, 

O r  are the f l a r e  and the associated phenomena 

But i n  recent years 

Perhaqs the strongest argu- 

These indicate 

A plausible picture 

The ins”abi1ity first causes the eject ion of fast electrons. 
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These arguments show p r imar ib  t‘nat the location of par.ticle 

acceleration i s  s t i l l  quite unknown. 

for acceleration have been and be izvoked. A check on theories 

I k q , ~  p w s i c a l  conditions suitable 

must concentrate on the deduced enera- ranges, on the t ime scales, and, 

i f  the theory provides it, on the in tens i t ies  and spectra of the par t ic les  

which are produced. The observed i n t e n s i t i e s  and s p e c t r a  a l s o  
depend on t h e  manner of propagat ion i n  i n t e r p l a n e t a r y  space. 

A crucial  pmameter fo r  any theoxy of par t ic le  acceleration i s  

the inject ion energy. The faster the ?-narti.de when it is first accel- 

erated, the smaller are  i t s  energy losses by Coulomb collisions.  Sunra- 

thermal par t ic les  may be groduced by plasm phenomena, by shock waves, 

or possibly by thermonuclear reactions, but the quantit ies of the 
p r a c t i c a l l y  unknown. 

pa r t i c l e s  so  produced are &Fepmesrr3r$lrr anq2mnK-x L e t  me sinply 

assume tha t  co l l i s iona l  losses of e n e r E  a re  negligible and summarize 

the methods of acceleration which have been suggested. 

a) Electr ic  Fields 

The or iginal  discharge theory of f l a r e s  ascribed the heating of the 

flare region t o  electrons which had been accelerated i n  e l e c t r i c  fields. 

Normally, such high e l ec t r i c  f ie lds  cannot be b u i l t  up i n  ionized gases. 

But they may be by-products of a flare which i s  started by other causes. 

The observed extrenel;. short  t i m e  scales of sane of the phenomena and 

the periodic repet i t ion of bursts in  some groups of radio bursts certainly 

make an e l e c t r i c  dlisc’narge seem very plausible. However, it is  also 

possible that the pazticles axe continuously accelerated and then pulsed 

by some so r t  of inskabili ty.  
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If an observer sees a conductixg ; h i d  move with velocity v 
-f ' 

then he sees an induced e l ec t r i c  f i e l d  E = -v x H as well  as the 

e l ec t r i c  f i e l d  E which is  due t o  dissipative processes. 

first that3 = 0, i n  the l i m i t  of in f in i te  conductivity. 

velocity v 

The t o t a l  force on the pa r t i c l e  is  q(E. 3. v x H ) .  
-1 I, - 

is  u = gi x HJX , so tha t  u = v and zi + u x H = 0 .  

simply moves with the f lu id  and the induced e l ec t r i c  f i e l d  i s  inef- 

-i -f - 
Let me suppose 

The >a r t i c l e  

-d 

consists of the Larmor motion vL and any drifts u, v = ;z + v 
"p - -p - -Lo 

Tae e l e c t r i c  b i f t  

2 The qa r t i c l e  - -  - -f 

fective i n  accelerating the pa r t i c l e  (compare Parker 1963b, p. 7),CxCCPt I '  '" c t l p  
and i h c  efletqy gained 1'5 u-(3zLu H )  = qyL - (-yf ne), 

Tne t o t a l  force exerted on the Dar t ic le  is  just<v 

sents betatron acceleration and i s  t reated separately below. 

x H which repre- -L A- 

L e t  me now neglect aqv induced f ie lds  Ei and consider only the 

e l ec t r i c  f i e l d  % = J/u. 

t o  H causes a d r i I ? t  velocity E 

of v = (4fia[)-l = fj x 1O1*/ (T3j2 l )  a j ' sec .  

subsonic and i s  s i r q ~ l ~ ~  the dr i f t  ve loc i t j  of tine magnetic l ines  of 

An;r compor,ent of % which is  perpendiculaz 
. 2  x s 4 H  , which is generally of the order -d - 

This motion is  general* 
d 

force, with which tlae charged par t ic le  moves, re la t ive  t o  the gas. 

Much higher d r i f t  veloci t ies  occur at iicutral points, where E 

be f i n i t e  while H becomes vanishing%- small. 

may -d 

Unti l  the pa r t i c l e  

reaches t'nese high d r i f t  veloci t ies ,  o r  u n t i l  it leaves the neutral  

region, the accelerztion takes place as i f  there were no magnetic 

f i e ld .  The same is  t rue for  any component of % which i s  pa ra l l e l  t o  

- H. Where the e l ec t r i c  f i e l d  thus accelerates the par t ic le ,  the gain 

of energy is  of t he  order 02 
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4 1.6 x H v ergjcm - - 0.05 E/[ ev/cm (for T = 10 O K ) ;  d 

note tha t  tne drift velocity vd = ,( / tdis enters, but not t'ne f l u i d  

velocity. 

where H now i s  the f ield strength external t o  the neutral  region. 

Effective acceleration requires veri- narrow current system. 

H = 1000 gauss and 1 = 1 km, a distance of 20,000 km i s  needed t o  

obtain 1 MeV. 

The current density has w a i n  been assumed t o  be Hi4x[, 

With 

To f ind 1 of the order of meters, we must look for  eYect ive 
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accelerating f i e l d s  i n  more complicated situations,  including turbulence, 

shocks, and p l a s m  zhenomena. Since the e l ec t r i c  fields under such 

conditions are not l ike ly  t o  a c t  over large distances, we should ask, 

following de Jager (1960), fo r  the prombi l i ty  that a given pa r t i c l e  

sees suf f ic ien t ly  many accelerating e l ec t r i c  fields i n  order t o  a t t a i n  

high energy, within the time allowed 7sy the observations. 

Dungey (1958), and de Jager (1960) have deduced e l ec t r i c  fields of the 

Sweet (lY?&,b), 

c -  

order of 1 ev/cm fo r  several si tuations.  It seem probable that i n  

each case only a small fract ion of t'lese f i e l d s  i s  r ea l ly  effect ive i n  

accelerating >art ic les .  

b )  Betatron Acceleration 

An increase i n  f i e l d  strength increases the kinet ic  energy of Larmr 

eyration of a charged pa r t i c l e  proportionateQ. As an upper l imi t  t o  

the increase i n  energ7 which can be obtained i n  t h i s  way, suppose that 

the magnetic f ie ld  strength is  proportional t o  the gas density. Then 

the increase i n  ga r t i c l e  energy due t o  the collapse 02 f l a r e  material 

is  a t  most about 3 orders of magnitude, and most probably it i s  snaXLer. 

De Jager (1963) has poposed acceleraGion or" protons t o  cosmic ray 

energies by w h a t  amom% t o  betatron acceleration. 

induced e l e c t r i c  f ie ld  from the rate of change of magnetic f lux through 

-.v------ 

He has estimated the 
--_.- - 

a surface fixed i n  s-oace. But charged p z t i c l e s  t rave l  with the f i e l d  

l ines ,  which i n  turn t rave l  with the gas, and hence the appropriate s;rrTace 

t o  integrate  over i s  one fixed i n  the f luid.  

found t o  be constant and the;,? zero i n  the l M t  

i s  an excellent a-oproximation i n  of i n f i n i t e  conductivity, W & d s x t &  

the s i tua t ion  envisaged by de Jager. 

The magnetic flux i s  then 
bch.froh ~ C C ~ / c v f i ~ ~ m m  OCCUWS. a i is r 'puf ion  a n d  

w h k k  
A 

aye x 
. .  
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c) Fermi Acceleration 

On the basis of the guiding-center approximation, a pa r t i c l e  

which enters a suff ic ient ly  strong magnetic f ield i s  ref lected by th i s  

field. If the magnetic "wal l"  moves with speed w, then the par t ic le  

energy and i ts  speed, v, are increased or decreased by a fract ion of 

the order of w/v, depending on w h e t h e r  the col l is ion is  a head-on or an 

overtaking col l is ion (Fermi 1949). Normally one assumes w << v, but i n  

general only w 5 0.5 v is  required (Wentzel 1963a) . Two important condi- 

t ions must be satisfied for  successful acceleration of par t ic les  by this 

mechanism. 

1. Re-Alignment of Pitch Angles. Reflection by any given magnetic 

inhomogeneity requires that the pi tch angle (angle between - v and - H) 

exceed some c r i t i c a l  value before the ref lect ion occurs. But the Fermi 

acceleration decreases this angle and, therefore, tends to  be self- 

defeating. To obtain repeated Fermi acceleration it is necessary that 

the p i tch  angle is repeatedly increased, without an associgted decelera- 

t ion.  For this purpose Davis (1956) proposed betatron acceleration 

between hydromagnetic mves which cross each other. More usually it 

has been assumed that pi tch angles are redis t r ibuted through violations 

of the guiding-center apmoximation. "akakur a (1961, 1962) pointed out 

that a fast electron be appreciably deflected by Coulomb collisions 

without losing appreciable energy, and that this  mechanism may be effect ive 

f o r  acceleration i n  the upper chromosphere. AlternativeQ, one 

suppose that a par t ic le  crosses a hydromagnetic shock f ront  which is  

thinner than the Larmor radius of the pazticle.  

t i on  of p i tch  angles has been assued t o  be random (Parker 1958, 1963b; 

The resulting distribu- 

Wentzel 1963a), but this is  certainly not exact. 



2. Accelerations Must Outnumber Decelerations. If regions of ac- 

celeration and deceleration occur in  equal numbers, then the net efficiency 

of Fermi acceleration i s  small. 

shocks which cross each other cam provide very e f f i c i en t  acceleration 

(Fig. 6). Par t ic les  are  swept ahead of the shocks, so that the density 

of par t ic les  being accelerated is  generally greater than the density of 

pa r t i c l e s  being decelerated. Moreover, the length of the accelerating 

t rap  shrinks t o  zero, so that a l l  par t ic les  i n  the t rap must necessarily 

be accelerated up t o  their escape energy. 

have crossed a shock f ind themselves i n  a decelerating t rap  whose length 

i s  increasing, so that decelerations become progressively less frequent. 

Finally,  the shocks cross each other and a l l  par t ic les  again are i n  an 

accelerating t rap.  

and have shown that a net acceleration occurs even i f  the shocks are 

very weak. 

of the p i tch  angles. 

i n  nm-uniform fields can be very e f f ic ien t .  

stronger f i e l d s  becomes stronger with tine, then the shock simply pshes  

the pa r t i c l e  ahead of it and acceleration i s  greatly prolonged. 

similar shock moving in to  weaker f ie lds  yields no corresponding deceler- 

a t ion.  

bf 

Parker (1938) showed that hydromagnetic 

In  contrast, par t ic les  which 

I have extended Parker ' s analysis (Wentzel 1963a) 

A shock-like structure i s  then needed only for  the scat ter ing 

I n  the same paper I also showed that acceleration 

If a shock moving in to  

A 

L e t  me emphasize that Fermi acceleration can provide energy for  both 

protons and electrons. 

energy by a given fraction, independent of pa r t i c l e  mass. 

and electrons are  injected with the same velocity and d i f fe ren t  energies, 

then indeed the protons gain much more energy than the electrons, but i f  

A given magnetic t rap multiplies the par t ic le  

I f  protons 
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L-ey are injected with the same energy, then both gain the same amount 

of energy. 

It i s  usually stated that Fermi acceleration produces an enera-  

spectrum. 

depends on the re f lec t ion  of a par t ic le  by a strong magnetic field. 

this f i e l d  i s  a shock, then the efficiency of ref lect ion m y  depend on 

the ratio of the Larmor radius of the pa r t i c l e  t o  the thickness of the 

shock front .  

t h i s  r a t i o  be small. 

across a sharp magnetic discontinuity, has been considered by Parker 

(1963b, p. 166-170). 

isotropic  velocity dis t r ibut ion i s  maintained as the particlerpcross 

the discontinuity. 

Even th i s  need not always be the case. The Fermi acceleration 

If 

The guiding-center approximation s t r i c t l y  requires that 

The opposite extreme, the transmission of par t ic les  

H i s  r e su l t s  depend on the assumption that an 

The conclusion from these arguments i s  that we cannot ye t  predict  

w h a t  types of charged par t ic les  can or cannot be produced by Fermi 

acceleration. 

e f f i c i en t  f ie ld  configurations. 

inject ion energies, and, if  acceleration occurs by hydromagnetic shock, 

the spectra 

I am sure that w e  have not ye t  imagined a l l  possible 

The energies achieved depend on the 

depend a l so  on the pa r t i c l e  r ig id i ty .  

Finally,  1 should summarize the s-oecific s i tuat ions that have been 

proposed for  specific types of charged p z t i c l e s .  

have been l imited t o  stating t h a t  the conditions are favorable fo r  some 

one accelerating process. 

Parker (1937a) proDosed tha t  cosmic ray >rotons from the flare of February 

23,  1956 were accelerated by Fermi mechanism within the region of the 

op t i ca l  flare. 

Most of these proposals 

Only few detailed analyses have been made. 

H e  assumed injection of protons a t  hydromagnetic veloci t ies  
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and obtained a reasonable energy spectrum. He had t o  postulate somewhat 

extreme parameters, but these might be made more plausible by invoking 

a more e f f i c i en t  Fermi acceleration. Severnyi and Shabanskii (1960, 

1961) and Shabanskii (1961) have proposed the Fermi acceleration of 

protons between two w n e t i c  walls which are collapsing toward each 

other P ‘I during a f la re .  Thermonuclear reactions i n  

the center of the collapsing region may serve as par t i c l e  injectors.  

Takakura (1962) has suggested that fast electrons a re  accelerated by 

hydromagnetic waves over sunspots. There the waves are so fast tha t  

just a few accelerations suffice t o  achieve the desired energies, and 

no great  efficiency of acceleration is  needed. It seems probable t o  me 

that such acceleration becomes much less e f f i c i en t  when the electron 

Larmor radii become greater than the thickness of hydromagnetic shocks, 

which i s  presumably a f e w  Larmor r ad i i  of thermal protons. 

with temperatures between 5 x 10 and 2 x 10 K, one would then emec t  

I n  regions 

4 6 ,  

electrons i n  the enerw range from10 t o  500 kev, which corresponds well 

t o  the energies required by x-ray and radio observations (Wentzel 1963a). 

The f l a w  i n  all of these specific theories i s  that each explains only 

one type of par t ic le .  

includes as an essent ia l  ingredient the explanation of at least several  

- *  -_ __ -- - 
I think no theory can be convincing unless it 

, _ -  - 

of the many phenomena that are  associated with a flare. 
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Fig. 1. Lines of force of two aligned bipolar spot-pairs (Sweet 195h).  

Fig. 2. Two bundles of l i n e s  of force, both twisted up. The arrows 

indicate the components of the f i e lds  (Gold and Hoyle 1960). 

Fig. 3. The direction of the magnetic force, f = J x 2, near an 

x-type neutral  point (Dungey 1958) . 
- 

Fig. 4. Schematic representation of the magnetic l ines  of force of 

two ant ipara l le l  regions of q n e t i c  f i e l d  pressed firmly 

together, with the f l u i d  caught between free t o  escape out 

the ends Y and Y (Parker 1963a). 

Fig. 5 .  Schematic drawing of the merging of two perpendicular f lux 

tubes by Sweet's mechanism (Parker 195m). 

Fig. 6. F ie ld  strength measured along a l ine  of force with two 

pa i rs  of interpenetrating shocks ( r igh t ) ,  and the equivalent 

s i tua t ion  of a shock crossing a closed l i n e  of force (Wentzel 

1963a) . 


